Evolution of HIV-1 env sequences was studied in 15 seroconverting injection drug users selected for differences in the extent of CD4 T cell decline. The rates of increase of either sequence diversity at a given visit or divergence from the first seropositive visit were both higher in progressors than in nonprogressors. Viral evolution in individuals with rapid or moderate disease progression showed selection favoring nonsynonymous mutations, while nonprogressors with low viral loads selected against the nonsynonymous mutations that might have resulted in viruses with higher levels of replication. For 10 of the 15 subjects no single variant predominated over time. Evolution away from a dominant variant was followed frequently at a later time point by return to dominance of strains closely related to that variant. The observed evolutionary pattern is consistent with either selection against only the predominant virus or independent evolution occurring in different environments within the host. Differences in the level to which CD4 T cells fall in a given time period reflect not only quantitative differences in accumulation of mutations, but differences in the types of mutations that provide the best adaptation to the host environment.
The high mutation and replication rates of HIV-1 (1-3) permit rapid adaptation to changes in the host environment. In a stable environment the ''best fit'' virus would predominate rapidly and all subsequent mutations would be minimally represented in the gene pool (4) . Samples of different viruses in this environment would show a generally uniform genetic makeup with minimal representation of variants arising because of the appearance of nearly neutral mutations. This pattern of evolution has been observed in other systems in which environmental changes are accommodated rapidly by organisms with high mutational capability, as seen, for example, with Escherichia coli grown in chemostats (5, 6 ).
An unstable host environment could have variable effects on the genetic composition of the virus pool. Such instability could be generated, for example, by a dynamic host immune response or, in the case of HIV-1, by differential display of coreceptors (7) (8) (9) (10) (11) (12) (13) (14) (15) . If the destabilizing force selected powerfully, but indiscriminately, against the broad array of existing variants, diversity would be reduced to that present in the few surviving variants, which likely would represent those variants that were originally most numerous (16, 17) . However, if selective forces such as the immune response target only the most abundant viral variant in a genetically heterogeneous population (frequency-dependent selection), there could be significant reduction in the viral load without a corresponding reduction in the genetic diversity present in the viral population, due to the diversity contributed by the less frequent viral strains. As these diverse minority populations continue to mutate, diversity would continue to expand. Such continuing expansion of diversity eventually could give rise to viral variants that have exceeded the capacity of a selective force such as the immune response to control virus infection, as has been proposed by . Thus, examination of the patterns of diversity during HIV-1 evolution can provide insights into the type and efficiency of selection forces influencing viral evolution and into how the virus is adapting to those forces.
Previous studies of HIV-1 genetic evolution examined very small cohorts of infected subjects (22) , characterized HIV-1 genetic evolution using techniques that did not involve direct examination of sequence patterns (23, 24) , or analyzed a very limited number of time points in each subject (25, 26) . In the current work, HIV-1 evolution was analyzed in 15 subjects followed from seroconversion at frequent intervals over a period of up to 4 years. This analysis demonstrates that different patterns of selection are observed between nonprogressor and moderately or rapidly progressing subjects and that, contrary to previous reports, the attainment of higher levels of genetic diversity is most frequently associated with more rapid CD4 T cell decline.
METHODS
The Study Population. The 15 participants were selected from a cohort of injection drug users participating in the AIDS Linked to Intravenous Experiences (ALIVE) study in Baltimore, MD (27) . This ongoing cohort study follows infected or at-risk injection drug users at 6-month intervals (visits), at which time blood is obtained for virologic and immunologic studies. The subset of individuals selected for this study were followed from the point of HIV-1 seroconversion and had attained different levels of CD4 T cells. Rapid progressors were defined as having attained a level of fewer than 200 CD4 T cells within 2 years of seroconversion; moderate progressors' CD4 T cell levels declined to 200-650 during the 4-year period of observation, and nonprogressors maintained CD4 T cell levels above 650 throughout the observation period.
Sequencing of HIV-1 env Genes. Nested PCR was used to amplify a 285-bp region of the env gene from peripheral blood mononuclear cells (PBMC). Several studies (28) (29) (30) have indicated that the preponderance of viral DNA is obtained from recently infected, unactivated PBMC, which constitute the vast majority of PBMC in human subjects. Such DNA has not yet integrated into the host genome, is unstable, and is capable of persisting only for several days in unactivated T cells (31) . Because of the recent infection of the cells from which the DNA is derived, it should be closely related to the RNA in viruses concurrently circulating in the plasma.
The external env primers used were 5Ј-GTCAGCACAGTA-CAATGTACACATG (nucleotides 6947-6971, based on sequence numbering in the molecular clone HXB2) and 5Ј-AATTACAGTAGAAAAATTCCCCTC (nucleotides 7359-7382 of HXB2) and the nested primers were 5Ј-CGGGATCC-TGTTAAATGGCAGTCTAGCAGAAG (nucleotides 7002-7025 of HXB2) and 5Ј-CGGAATTCCGTTACAATTTC-TGGGTCCCCTCC (nucleotides 7319-7342 of HXB2). The underlined portion of the primers are, respectively, BamHI or EcoRI restriction sites included in the nested primers for cloning purposes. Both first-and second-round PCR were run for 2 min at 95°, followed by 35 cycles of 94°for 30 sec, 60°for 30 sec, and 72°for 45 sec. At the end of the 35 cycles the samples were held at 72°for 10 min before returning to the 4°temperature at which they were held until subjected to further analysis. The amplified sequences from the nested PCR then were cloned into pUC19 using standard methods (32) and sequenced by using the Sanger chain termination method (33) with the appropriate nested primers described above. Limiting dilution single-round PCR was used initially to screen for input viral DNA copy number, and five samples that had PCR product detected only at the lowest cellular dilution were subjected to second-round PCR, as the samples used for sequencing had been. Even these samples, which initially could be detected at the lowest dilutions had, by this analysis, greater than 125 input copies of viral DNA for the initial round of PCR amplification. Based on this analysis it is likely that most or all of the clones generated as a result of PCR amplification were derived from a unique viral genome template (34) . The sequences analyzed for this study may be obtained through GenBank (accession numbers AF016760 -AF016825 and AF089109-AF089708).
Plasma Viral Load. Plasma viral load was determined by reverse transcription-PCR (Roche Molecular Systems, Branchburg, NJ).
Generation of Phylogenetic Trees. Trees were constructed by using the MEGA computer package (35) employing the neighbor-joining algorithm and the Tamura-Nei distance measure, which corrects for base composition and transition͞ transversion bias. Taxon labels indicate the time at which each strain was isolated and the number of identical replicates sampled; thus, for sequence S1V2-8 (2), two identical replicates were obtained of clone 8 from subject S1's second visit. Note that data are lacking from individual visits of some subjects. Taxa are colored according to the time point at which they were observed: red (V1), orange (V2), green (V3), light blue (V4), dark blue (V5), purple (V6), brown (V7), gray (V8), and black (V9). Intermediate sequences were assigned the same color as their earliest-observed descendent sequence. A phylogenetic tree of clones from the different subjects (not shown) demonstrated the independent segregation of those clones, with the exception of clones from two subjects who were known epidemiologically to be related (S1 and S2).
Correlation Analysis. To determine at a given time point the correlation between genetic diversity or mutational divergence and CD4 T cell count 1 year later, the units of analysis were defined by pairs of visits within individuals. Seventy-six time points were available from the 15 subjects at which sequence data and CD4 T cell count 1 year later were known. Depending on which analysis was being performed, the term X 0 can be used to indicate the value of either diversity () or percent mutational divergence. Y 0 was assigned for the value of the CD4 T cell count at the visit at which X 0 was determined, and Y 1 represented the CD4 T cell count in that subject 1 year later. The analysis was then stratified by whether Y 0 was in one of each of the following categories of CD4 T cell count: Ͻ350, 350-499, 500-699, and Ͼ700. Stratification by the CD4 T cell count (Y 0 ) permits the determination of how different values of X 0 (either diversity or divergence) are related to the different CD4 T cell counts 1 year later (Y 1 ) in individuals that start at similar CD4 T cell counts.
Determination of dS͞dN Ratios. Once the initial consensus sequence for each subject had been computed, it was compared with each subsequently observed strain. Each difference between the two strains was classified as synonymous or nonsynonymous. This was adjusted by the number of sites at which each class of mutation could occur, thereby correcting for the inherent bias toward nonsynonymous changes exhibited by totally random mutations. This procedure used the Jukes-Cantor correction for multiple hits, which would otherwise bias these estimates toward smaller values. The resulting values of dS and dN (and their ratio, dS͞dN) were then averaged over all the strains observed at a particular visit, to remove possible bias because of unequal sample sizes at different visits. Because these values exhibited a skewed distribution, a median value was used for this average. These summary data formed the basis of all subsequent analysis.
Examination of Source of Greater Initial Visit Diversity in Subjects 9 and 15. Because of the high genetic variation observed at the first visit in subjects 9 and 15, we studied whether these Three different phylogenetic trees were constructed including the clones from the first visit of subject 9 and subject 15 and between 150-200 randomly selected clones from other individuals from the study. We then determined whether the viruses from the first visits of subjects 9 or 15 segregated as independent or as monophyletic viruses. They clearly grouped as monophyletic (data not shown).
In addition, reexamination of the preseroconversion history of these subjects confirmed that they were HIV-1 seronegative up to 7 months before the first visit at which sequences were analyzed. It was also determined that the exclusion of all possible recombination events in subject 15 would still leave that subject with a value of 11.4, considerably above the previously reported values for a 6-month postseroconversion visit. Exclusion of subject 15 did not change the conclusions of the dS͞dN analysis.
Comparison of the Rate of Change of Divergence and Diversity. For each individual we fit a regression line of divergence͞ diversity over time and summarize it with the slope, ␤i, for the ith
Comparison among different progressor groups of the mean slope per year (ϩSE) of intravisit viral genetic diversity (A) and the percent of nucleotides that diverged from the original postseroconversion consensus sequence (B). Mean slope for each group is obtained from a weighted average incorporating the number of observations and the precision of the slopes of each subject shown in Table 1 . Annual changes in CD4, intravisit nucleotide diversity, and percent nucleotide divergence from the first viruses sequenced after seroconversion reflect slopes of regression lines between individual visits. As slopes of CD4 T cell decline were quite variable between visits in the same subject, progressor categorization of subjects was based on the lowest level of CD4 T cell counts attained during the period of observation. Although subject 7 had a 392͞year CD4 T cell decline, his CD4 T cell level never fell below 200 and therefore he was included in the moderate progressor group. His movement to the rapid progressor group would not have altered the statistical support for any of the conclusions reached.
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RESULTS
Patterns of CD4 decline were quite variable among the 15 subjects (Fig. 1) , with median annual changes in the subjects' CD4 T cell number ranging from an increase of 53 cells per year to a decrease of 593 cells per year (Table 1) . Serum viral load data were available for all subjects from one of the first three visits and ranged from 1,702 to 321,443 copies of viral genomic RNA͞ml (Table 1) . While the nonprogressor group generally had low viral loads at these early time points compared with the combined progressor groups (P Ͻ 0.02, ANOVA), the limited viral load data did not distinguish the moderate from the rapid progressors. Genetic sequence analysis focused on the viral env region around the third hypervariable (V3) domain. This region was analyzed because it is an important site of host-virus interaction and is known to tolerate frequent mutations (37) (38) (39) (40) (41) (42) (43) (44) (45) . Between 6 and 21 env sequences were amplified by PCR from each individual visit, yielding a total of 873 clones that were sequenced and analyzed.
Changes in HIV-1 sequences over time were quantified by two parameters: (i) the genetic diversity at each visit (termed , Fig.  1 ), defined as the mean number of nucleotide differences between any two clones from that visit, and (ii) divergence, quantified as the median percentage of nucleotides per clone at a given visit that differed from those present in the consensus env sequence from the first visit of that subject (Fig. 1) . The rate of change in the median diversity over time ranged from Ϫ2.94 to 5.10 nt per clone per year and the rate of change in divergence from 0.13% to 2.09% of the nucleotides per clone per year (Table  1) .
Viruses from the initial visits of 13 of the 15 subjects were quite homogeneous (Table 1) , consistent with previous reports (46) (47) (48) . Virus from initial visits of two subjects (subjects 9 and 15) were more heterogeneous, raising the possibility of dual infection, the development of recombinant viruses, or mistiming of the point of seroconversion. Further analysis excluded these possibilities as the basis for the observed heterogeneity (see Methods).
Both diversity and divergence increased over time in all three progressor categories, and the increase in diversity per year or divergence per year was progressively greater in moving from the nonprogressor to the moderate progressor to the rapid progressor groups (Fig. 2) . The rapid progressor group had a significantly higher rate of increase in divergence over time than the nonprogressor group (P Ͻ 0.001). While rapid progressors showed a greater rate of increase in divergence than moderate progressors, the difference between them did not achieve significance (P ϭ 0.17). Differences in the slopes of the rate of increase in diversity were also significant between the rapid progressors and the nonprogressors (P ϭ 0.001). The differences in slopes of diversity between nonprogressors and moderate progressors was significant (P ϭ 0.01), while differences in the diversity slopes between moderate and rapid progressors showed a trend toward significance, but did not achieve it (P ϭ 0.08).
The correlation between the viral genetic diversity or divergence at a given visit and the decline in CD4 T cell levels over the next year was also examined (see Methods). Controlling for the CD4 T cell count at a given visit, the relationship between the diversity or divergence at that visit and the decline in the CD4 T cell count over the next year was determined. Both the diversity and the divergence were significantly negatively correlated with the CD4 T cell count 12 months later (for diversity, r ϭ Ϫ0.43, P ϭ .02; for divergence r ϭ Ϫ0.30, P ϭ 0.007). Thus, subjects whose virus showed greater genetic diversity or divergence at a given visit were likely to have a greater CD4 T cell decline over the next year.
The ratio of the rate of synonymous mutations per potential site of synonymous mutation (dS) to the rate of nonsynonymous mutations per potential site of nonsynonymous (NS) mutation (dN) was determined for all the subjects from each of the progressor categories (Table 1) . If mutation is occurring randomly without selection, this ratio should approximate 1. Rapid and moderate progressors both had a median dS͞dN ratio of 0.4, indicating a selective advantage for NS changes in these progressor groups. These ratios differed significantly from 1 (P ϭ 0.01 for rapid progressors, P ϭ 0.001 for moderate progressors, Wilcoxon signed-rank test). The dS͞dN value for nonprogressors was equal to 1.6, which, in this small sample size, did not differ significantly from 1, but showed a trend toward significant selection against NS changes (P ϭ 0.15, Wilcoxon signed-rank test). This suggests that evolution in the nonprogressors does not demonstrate a selective advantage for those viruses carrying changes in the envelope protein structure. The median dS͞dN ratios obtained at all visits were significantly different between the nonprogressors and either the moderate or the rapid progressors (P ϭ 0.02 vs. either progressor group). These differences arose primarily from differences in dN (P Ͻ 0.005 vs. either progressor group), since dS was not significantly different among any of the groups (P Ͼ 0.5). Thus, nonprogressor was distinguished from progressor status by whether or not selection favored NS changes and demonstrated FIG. 3 . Phylogenetic tree from subject 9. The horizontal distance at the bottom of the tree between S9V2-1 and S9V2-2 reflects a single mutation.
Medical Sciences: Markham et al. Proc. Natl. Acad. Sci. USA 95 (1998) 12571 a strong relationship between the selective pattern and the level to which CD4 T cells fell during this period of observation. Phylogenetic trees from 10 of 15 subjects showed no evidence of predominance of a single strain throughout an extended period of time. For example, in subject 9 (Fig. 3 ) all viral isolates through visit 4 arise from a point close to the viruses in visit 1. The viruses at visit 5 are spread throughout the evolutionary tree. Viruses at visits 6 and 7 extend from the branch carrying clones 1 and 9 from visit 5. However, the viruses at visit 8 emerge from visit 6 clones, not from a visit 7 clone. This pattern of limited progression along a single branch followed by return to strains closely related to those present at an earlier visit is observed in nine other subjects (subjects 1, 3, 5-8, 10, 13, and 14). Phylogenetic trees randomly selected from the remaining 14 subjects show this pattern (Fig. 4) . In these 10 subjects host factors that influence the evolution of early viruses appear potent enough to select against the few clones that predominate at any given visit. However, those same host factors are not broadly effective against the full range of viruses present at a given visit.
DISCUSSION
In this cohort of HIV-1-infected injection drug users, higher levels of both genetic diversity and divergence in the HIV-1 variants present in a given individual were associated with a greater decline in CD4 T cells. In subjects with similar CD4 T cell counts, those subjects with more genetically diverse viral clones experienced, as a group, greater CD4 T cell decline in the subsequent 12 months. Although synonymous substitution rates were comparable in rapid, moderate, and nonprogressors, nonsynonymous substitution rates in progressors were roughly three times those in nonprogressors. The overall pattern is one in which viral strains from nonprogressors showed possible selection against amino acid change, while those from progressors showed selection for such change (or against the absence of change). This finding is inconsistent with a model in which progression is caused by rapid proliferation of an initially ''most fit'' viral strain.
Two recent studies of the association in adult populations between genetic variation and disease progression have yielded somewhat conflicting results. McDonald et al. (25) compared env gene variation in rapid and slow progressors at two time points separated by 2.5 years in 10 subjects, all of whom had CD4 counts below 400 at the first time point. In agreement with the current study, these workers found greater genetic divergence in three of the five rapid progressors studied. The intravisit diversity in their rapid progressors was, however, less than that observed in their slow progressors at the second time point for their subjects. Conclusions on diversity varied depending on whether the analysis was restricted to the C2-C5 or the C2-V3 env region. The conclusions on diversity of that study probably differ from the current study because the subjects in the McDonald study were not followed from the time of seroconversion and because many fewer time points were evaluated in each subject. In a study of six adult subjects that applied analyses similar to those of the current study, Wolinsky et al. (22) observed less viral genetic diversity in two subjects with the most rapidly declining CD4 T cell counts compared with subjects with more slowly declining CD4 T cell counts. Virus from five of our six rapid progressors showed high levels of both diversity and divergence. One rapid progressor (subject 11, Table 1 ) showed the low divergence and diversity pattern seen in Wolinsky's two rapid progressors and in our nonprogressors. Unlike the nonprogressors, however, subject 11 had a higher viral load (62,179 copies͞ml, Table 1 ). This subject FIG. 4 . Phylogenetic trees of viral evolution in four additional randomly selected individuals from the original cohort. In each subject evolution is not sustained along a single branch, being interrupted in subject 5 between visits 4 and 5, in subject 7 between visits 4 and 5, in subject 8 between visits 6 and 7, and in subject 14 between visits 5 and 6. The horizontal distance at the bottom of the tree between S14V4-7 and S14V4-8 reflects a single mutation. and the two subjects chosen by Wolinsky et al. (22) , which also had extraordinarily rapid disease progression, may be exceptional. These exceptional subjects likely represent individuals who failed to develop any effective immune response to their viral infection and therefore a single ''best fit,'' rapidly replicating virus could emerge in the immunologically stable environment. In fact, Wolinsky et al. (22) were not able to identify effective immune responses to the viruses in their very rapidly progressing subjects.
The association between CD4 T cell decline and increased genetic diversity and divergence observed in most of our subjects is consistent, in part, with the model of Nowak (18, 19, 21) , who proposed that increasing viral genetic diversity is associated with CD4 T cell decline. Nowak hypothesized that ultimately this diversity results in viral clones developing critical epitopes that are outside the T cell repertoire of the host, resulting in failure of the host immune response to control HIV-1 infection. In such a model one might expect to see increasing diversity followed by a restriction of diversity limited to those clones carrying epitopes that have exceeded the T cell repertoire. In those six subjects who progressed to AIDS in this study, reduction in the level of diversity was only observed in two subjects, subjects 3 and 15, and the reduction was minimal in subject 3. In all other subjects who progressed to AIDS, diversity and divergence continued to increase throughout the observed course of infection. Progression in this cohort was associated with a shift away from the virus that predominated at the previous visit, a pattern most consistent with either frequency-dependent selection, in which only the most numerous genotypes are selected against, or independent evolution of viral variants from different geographical or environmental sites within the body, as described by Sala et al. (49) .
By the latter model the virus observed in the PBMC pool would simply reflect at which site the cellular environment has become most conducive to the growth and spread of virus. The optimal site for virus growth could be continuously changing because of suppression of virus by a localized immune response at a specific site or by enhancement of viral growth due to T cell activation at a specific site. None of the observations made here are inconsistent with such a model. Ultimately, however, to overcome the infection the host must control it at the level of the whole organism. The persistent increase in genetic diversity and the appearance in many subjects of variants closely related to those that predominated earlier suggest that any host immune response that may have developed failed to eradicate HIV-1 infection, not because of the emergence of escape variants, but because, at any point in the infection, the immune response was not broadly targeting the full array of viruses present (50) , targeting instead only the most frequent virus.
In the face of a more broadly effective immune response, as might exist in the nonprogressors, those viruses that are less replication competent therefore might be conserved precisely because they do not replicate to some critical threshold required for targeting by the immune response. Selection against nonsynonymous mutations, as was observed in our nonprogressors, therefore might be favored precisely because such nonsynonymous changes might result in the appearance of more replicationcompetent viruses that would be recognized by the host immune system.
